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Abstract
Facing a cost for emitting carbon dioxide, U.S. entities that own coal-fired power plants have a number of options to pursue as
alternatives to retiring the plant and investing in a new one with lower carbon emissions.  These include: (1) continuing to operate 
business as usual and obtaining emission allowances as needed, (2) switching to or cofiring low carbon fuels, (3) retrofitting with 
carbon capture and sequestration (CCS), (4) repowering with an advanced coal technology incorporating CCS, and (5) 
refurbishing to improve plant efficiency in combination with any of the previous options.  Markets for refurbishing, retrofitting, 
and repowering were assessed using data bases of existing coal fired power plants along with the Energy Information 
Administration’s (EIA) National Energy Modeling System (NEMS) code, which was modified to undertake an integrated 
analysis of how retrofit and repowering options would compete with other options for managing the fleet of coal fired power 
plants.  Sensitivities with respect to key uncertainties are presented, including carbon values, natural gas prices, CCS incentives, 
and system-wide cost effectiveness of refurbishing in conjunction with retrofitting or repowering.  
The indicated market for coal fired power plants that could be retrofitted with near commercial CCS technology under carbon 
cost scenarios ranging from 45 - 60 $/MTCO2e (metric ton CO2 equivalent) is on the order of 100 GW.  A similar market is 
apparent for repowering, but with technologies that are as yet not commercialized.  Below 30 $/MTCO2e, CCS technologies 
would not deploy without incentives.  While refurbishing can extend the market for either retrofitting or repowering, its impact
will depend on the extent to which efficiency as well as other cost related factors can be collectively upgraded.  
© 2008 Elsevier Ltd. All rights reserved 
Carbon Capture and Sequestration; Coal Fired Power Plants, Retrofitting; Repowering; Refurbishing; National Energy Modeling System.  
1. Introduction 
Disposition of existing coal-fired power plants is a major issue in strategies to cap the emissions of greenhouse 
gases in global climate change scenarios.  In scenarios where emissions are severely capped by a carbon emission 
allowance price (as set by carbon caps or carbon taxes), options for continuing to operate as a coal fired power plant 
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(CFPP) are:  (1) retrofitting, (2) repowering, and (3) refurbishment in combination with either of the previous.  The 
preferred option for any given plant is expected to depend on a plant’s characteristics such as its age, configuration 
with respect to other emission controls, heat rate, capacity, dispatch, and site specific factors.  An integrated system-
wide assessment of these options requires a plant level description of the fleet.  The National Energy Modeling 
System (NEMS) of the Energy Information Administration (EIA) is an integrated assessment tool which 
incorporates a plant level data base, but modifications were required to extend the standard retrofitting model in 
NEMS from a 3-P (three pollutant—sulfur oxides, nitrogen oxides, and mercury) to a 4-P formulation (the fourth 
pollutant being carbon dioxide).  From a modeling perspective, the logic required to allow for refurbishing, 
retrofitting, or repowering in NEMS is similar, so the modifications enabled a consistent framework for the 
endogenous competition of these options taking into account important associated penalties in capacity and heat 
rate.  Using this extended form of NEMS and generic factors for cost and performance of refurbishing, retrofitting, 
and repowering as a function of plant characteristics such as heat rate, exploratory assessments were undertaken on 
how these options could compete with the “standard” options:  purchase of emission allowances (status quo), 
retirement (investment in a new plant), and fuel switching (lower carbon fuels).
2. NEMS extension from 3-P to 4-P formulation 
NEMS modifications can be confined to a single program file (UECP.F) and a single input file 
(EMMCNTL.TXT).  The revised files run “seamlessly” in the background without affecting NEMS scenarios where 
CCS is not a factor, automatically engaging only when carbon values are sufficient to support CCS [1].  The files are 
readily swapped into archived NEMS files, available from the EIA [2]. 
2.1. Plant configurations, retrofit options, and retrofit rules 
NEMS characterizes coal fired power plant configurations by indexes to indicate which emission controls are 
currently installed.  An unused configuration index (“SC”) was adapted to indicate an installed CCS retrofit, which 
required specification of new retrofit options and plant configurations.  To limit the combination of configurations to 
a practical subset, a “retrofit rule,” was adopted.  Two retrofit rules were examined.  The simpler G1 rule restricts 
CCS retrofit to plants already in complete 3-P configuration.  G1 requires only 1 additional retrofit option (addition 
of the CO2 retrofit).  G2 allows for CCS retrofit to any plant as long as the missing 3-P components are added as 
well, but this rule requires 24 additional retrofit options.  Twelve new plant configurations, reflecting complete 4-P 
configurations, were required with either the G1 or G2 rule.  As part of the rationale for G1 and G2, at least some 
measure of advanced sulfur control is generally necessary in solvent-based process designs for CO2 capture.  Results 
presented herein were all developed using the G2 rule. 
2.2. Heat rate and capacity penalties 
Heat rate and capacity penalties are major cost considerations in retrofitting or repowering for CCS.  Since 
NEMS is designed to endogenously model energy supply and demand, including electricity, it is important to 
explicitly express these penalties in NEMS for a consistent determination of their effective costs.  To do so required 
modifications at certain points in the NEMS code where linear program coefficients are calculated to account for  
capacity, fuel consumption, and emissions as a function of capacity retrofitted.  
3.  Generic process models 
This paper focuses on an exploratory NEMS-based assessment of retrofitting.  Brief descriptions of repowering 
and refurbishing studies are included for completeness, but details will be presented elsewhere when finalized.  
3.1. Retrofitting
The envisioned retrofitting process uses an advanced solvent for post combustion capture (i.e. flue gas 
scrubbing).  A generic cost representation is assumed valid across the fleet, without consideration of site specific
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factors.  A recent NETL study of an advanced amine 
process retrofitted into Unit 5 of American Electric 
Power’s (AEP) Conesville, Ohio plant undertaken by 
NETL in conjunction with Alstom Power was used as 
a basis for the cost data for capture [3].  This plant 
was selected because it serves as an accurate 
representation of existing coal-fired power plants that 
may be candidates for CCS retrofitting.  Unit 5 is a 
450 MW, pulverized coal-fired, subcritical pressure 
steam plant with a 9,749 Btu/kWh (HHV) heat rate, 
flue gas desulfurization, and a boiler in-service date 
of November 1, 1976.  Post-capture costs, including 
CO2 transportation, injection, and MMV are 
additional, with an assumed generic value of 
$4/MTCO2e from a recently completed baseline 
study for fossil energy plants [4]. 
 
Cost data from the NETL study of the Conesville 
plant were restated in two important respects for use 
as a generic model in NEMS.  First, costs were stated 
per unit of CO2 removed, which relates generically to 
a plant’s heat rate for a given CO2 removal level.  
Secondly, capacity and heat rate penalties were 
expressed explicitly to integrate with the capacity 
planning and fuel supply models in NEMS.  A key 
objective of the Conesville study was to assess CO2 
removal costs over the range of 30 percent to 90 
percent removal, as shown in Figures 1 – 2.  The 
capacity derating factor, or capacity penalty, arises 
from steam extraction for solvent regeneration and 
power consumption for CO2 compression.  Since 
boiler firing is unchanged in the underlying 
retrofitting process design, heat rate and capacity 
penalties are coupled: 
 
Final Heat Rate = Original Heat Rate  / (1 – 
Capacity Derating Factor) 
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Figure 1.  A minor generic dependency of capacity derating on 
heat rate is not shown here. 
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3.2. Repowering 
In an assessment of repowering yet to be 
completed, oxyfuel combustion repowering is being 
compared to solvent based retrofitting.  Oxyfuel 
combustion repowering is a well known alternative to 
solvent based retrofitting, and differences are being 
assessed with respect to incremental costs and their 
dependencies on plant factors, including required 3-P 
controls and their associated costs.  In the retrofitting 
study, 3-P control requirements relating to protection 
against solvent degradation were provisionally 
addressed through the G2 retrofit rule.  Modifications 
to the G2 rule may be appropriate for oxyfuel 
combustion repowering. 
Figure 2.  O&M is dominated by variable O&M. 
3.2.1.    Brownfield repowering 
 
From a modeling standpoint, brownfield 
repowering is different from retrofitting or 
conventional repowering in that cost and 
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performance factors for the repowered plant are 
effectively decoupled from those of the original 
plant.  In an exploratory study not presented in this 
paper [5], assumptions were made for the degree to 
which investment in a new coal fired plant would be 
reduced if installed on a site with an existing coal 
fired power plant (brownfield capital factor), and the 
repowering process was assumed to be an integrated 
gasification combined cycle (IGCC) with CCS, using 
DOE R&D program goals for cost, performance, and 
commercial availability.  R&D risks and uncertainties 
in usage of a generic brownfield capital factor (it’s 
magnitude and suitability, or lack thereof, for 
competing non-coal technologies) blur the distinction 
between brownfield repowering and new capacity 
builds which effectively replace retired capacity (i.e. 
“greenfield” repowering).  Nonetheless, a brownfield 
capital factor of 15 percent resulted in substantial 
repowering by the envisioned IGCC with CCS 
technology.  The subset of the fleet for brownfield 
repowering is generally expected to be different from 
that for retrofitting since they should exist on 
opposite ends of the spectrum with respect to heat 
rate and economic viability. 
CCS Retrofits
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Figure 3.  A need to model sustainable deployment rates is 
suggested by retrofit rates as high as 50 GW per year in the 60 
$/MTCO2e case. 
3.3. Refurbishing
As an indicator of the load of CO2 to be captured 
and sequestered per unit of power produced, heat rate 
is an important plant factor governing the economic 
viability of retrofitting or repowering.  Lower profit 
margins and dispatch rates, generally associated with 
high heat rate plants, would further erode the viability 
of retrofitting or repowering.  Most plants are likely 
to have heat rates above a nominal limit for 
retrofitting or repowering, generally expected to be 
about 10,000 Btu/KWh.  Some of these plants could 
be a target for refurbishment, whereby various cost 
and performance factors are upgraded.  Principle 
among these factors would be heat rate [6].  This 
paper presents an exploratory NEMS based 
assessment of refurbishing in conjunction with 
retrofitting, based on the assumption that heat rates of 
all plants could be reduced to a generic value, varied 
over the range 7 – 10,000 Btu/KWh, with negligible 
incremental costs relative to those for retrofitting. 
Obviously, the cost effectiveness of refurbishing is 
plant specific, depending upon such factors as a 
plant’s age, and simple refurbishing based solely on 
heat rate excludes other plant cost and performance 
factors that may be equally important, such as 
dispatch rate and existing emission controls. 
Coal Capacity Retirements
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Figure 4.   Coal capacity retirements, the sum of plant retirements 
and capacity deratings from retrofits, are reduced by the retrofit 
option at high carbon taxes. 
4.  Carbon tax runs (AEO2007 side cases) 
A series of runs were completed to examine the 
impact of the retrofitting option at various carbon 
taxes.  Carbon tax side cases of the AEO2007 were 
used with the tax starting in 2015 and ramping up to a 
constant level by 2020.  The extent of retrofitting in 
the fleet depended strongly on the carbon tax.  As 
shown in Figure 3,  45 $/MTCO2e acted as a 
threshold for retrofitting, below which it was 
preferable to purchase emission allowances (legend 
entries of the type 30_90 signify 30 $/MTCO2e and 
90 percent CO2 removal).  Coal plant retirements, 
builds of nuclear plants, and utility CO2 emissions 
reflected the adoption of retrofitting. 
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Coal capacity retirements in Figure 4 include both 
capacity deratings of retrofitted plants and actual 
plant retirements.  At 45 $/MTCO2e, capacity 
deratings through 2030 were 30 GW, corresponding 
to the 30 percent derating factor for the 90 percent 
CO2 removal levels used in this study.  At 60 
$/MTCO2e, capacity deratings increased to about 50 
GW.  Factoring in these deratings, 128 GW of actual 
plant retirements were avoided at 45 $/MTCO2e,
while 149 GW were avoided at 60 $/MTCO2e.
As shown in Figure 5, projected builds of nuclear 
fell by about 100 GW with the retrofit option at the 
higher tax levels where significant emissions 
reductions are achieved but which require builds of 
nuclear in excess of 350 GW over a 15 year period, a 
level whose feasibility is open to question (roughly 2 
GW of nuclear builds every month for 15 years). 
As shown in Figure 6, the impact on CO2
emissions reductions over time was somewhat 
dependent on the tax level.  Since retrofits could act 
to offset the purchase of emission allowances at 
lower taxes and the retirement of coal plants at higher 
taxes, the impact on CO2 emissions could be 
different.  At 45 $/MTCO2e and 60 $/MTCO2e,
utility emissions in 2030 were about 70 to 85 percent 
below those in 2005, respectively, levels ordinarily 
associated with extensive retirement of coal plants 
and deployment of carbon neutral technologies.  
Retrofitting thus functioned largely as an alternative 
pathway to reduced emissions at high tax levels.    
Nuclear Builds
0
50
100
150
200
250
300
350
400
2005 2010 2015 2020 2025 2030
G
W
60_90
60_00
45_90
45_00
30_90
30_00
Figure 5.  Build requirements for new carbon neutral capacity, like 
nuclear, are less severe at high carbon taxes with the retrofit option.
5. Carbon cap runs (AEO2008 side cases) 
A series of runs were completed to examine the 
impact of the retrofitting option in the Lieberman-
Warner Climate Security Act (S.2191), which 
includes a complex set of incentives, including one 
targeted to CCS.  The AEO2008/S2191 side case 
developed by the EIA was used as a basis.  The 
resultant carbon emission allowance price track was 
about 5 to 10 percent higher with the retrofitting 
option.  As shown in Figure 7, about 120 GW of 
retrofits through 2030 reduced the need for builds of 
nuclear and renewables by about 55 and 15 GW, 
respectively;  noteworthy given the questionable 
feasibility of projected nuclear and renewables builds 
in the reference case of roughly 250 GW and 100 
GW, respectively, over 15 years.  Coal and oil/gas 
capacity increased by about 40 and 30 GW, 
respectively, the latter primarily due to builds of 
natural gas combined cycles with CCS. 
6. Sensitivities and uncertainties 
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Figure 7.  Legend entries 4P and 3P designate with and without the  
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Figure 6.   The retrofit option at 90 percent CO  removal essentially 2
offers a complementary pathway to reduced emissions.  retrofit option, respectively.
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6.1. Gas  prices 
An important uncertainty in this study was the 
price of natural gas, a preferred lower carbon content 
fuel in many carbon control scenarios [7].  Many 
analysts believe globalization of the gas market will 
make projections of gas prices inherently risky, and 
some analysts believe NEMS consistently under 
predicts natural gas prices [8].  The impact of higher 
gas prices was investigated by increasing the 
transmission tariff for delivery to electric utilities by 
5 $/MCF, with the expected impacts on price of 
delivered gas to electric utilities.  As shown in Figure 
8, the impact of higher natural gas prices depended 
on carbon value (legend entries of the type 30_90_5 
signify 30 $/MTCO2e, 90 percent CO2 removal, and 5 
$/MCF gas price adder).  At 60 $/MTCO2e, CO2
retrofits increased about 80 GW (coal plant 
retirements fell about 45 GW, allowing for 25 GW of 
capacity deratings from retrofits).  At 30 $/MTCO2e,
significant CO2 retrofits were not observed even with 
high gas prices.  The sensitivity to uncertainties 
surrounding gas prices points up the general problem 
of using an AEO reference case based on business as 
usual assumptions that may be inappropriate for high 
carbon value scenarios, especially those related to the 
role and price of natural gas and the cost and 
elasticity of supply of new carbon neutral 
technologies like nuclear. 
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6.2. Refurbishing
Figure 9 shows the impact of simple 
refurbishments based solely on heat rate for the 
limiting case of negligible incremental costs (legend 
entry RHR designates the final heat rate of the 
refurbished plant, before retrofitting).  Negligible 
retrofits were added by refurbishing to 10,000 
Btu/KWh, but about 20 GW and 110 GW were added 
when the refurbishment option was extended to 9,000 
and 7,000 Btu/KWh, respectively.  Considering the 
likely technical and economic challenges of 
upgrading plants to heat rates below 10,000 
Btu/KWh, the potential for cost effective 
refurbishment in conjunction with retrofitting would 
appear to depend on the possibility of upgrading 
additional plant cost and performance factors.   
Figure 8.  Retrofits are increased by higher gas prices, but only at 
high carbon emission allowance prices. 
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0
50
100
150
200
250
2005 2010 2015 2020 2025 2030
G
W
baseline
RHR = 9K
RHR = 7K
6.3. CCS bonus incentives 
Climate change legislative proposals often include 
a package of incentives for CCS.  The Lieberman-
Warner Climate Security Act of 2007 (S.2191) 
includes a CCS bonus allowance, which prescribes a 
rate of emission allowances earned for each unit of 
Figure 9.  Legend entry “RHR” designates heat rate to 
which all plants can be refurbished prior to a retrofit.
New Coal Builds and CCS Retrofits
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Figure 10.  Legend entry 2X designates a doubling of the S.2191 
system-wide limit on CCS bonus allowances.  The incentive is not 
extended to existing plants in the S.2191 formulation used in this 
study, but only to new plants.
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CO2 sequestered over the first ten years of CCS 
operations, subject to a system-wide cap on total 
bonuses available, with rules for prorating and phase 
out of the incentives program.  The impact of the 
bonus allowance on new builds of integrated 
gasification combined cycles with CCS is clearly 
seen in Figure 10 (legend entry 2X designates a 
doubling of the S.2191 CCS bonus allowance limit).  
Although one would expect a similar impact on CCS 
retrofits if the CCS bonus incentives extended to 
existing plants, the AEO2008/S2191 side case clearly 
does not extend the bonus to existing plants.  
However, such an extension has to be regarded as a 
likely possibility in any potential legislation. 
7. Discussion
7.1. Interpretive model of  decision options 
A simple decision model based on selection of the 
option with lowest levelized cost of electricity offers 
a perspective on the observed trends in retrofitting.  
As shown in Figure 11, a minimum carbon emission 
allowance (CEA) price is suggested below which 
retrofits would be uneconomic and a maximum price 
above which retirements would be preferred, if an 
option to retrofit were unavailable.  Between these 
limits would be an interval of CEA prices where 
retrofits would mostly impact emissions rather than 
retirements, while above this interval, the converse 
would occur, with two qualifications.  First, the 
decision model in Figure 11 is for a specific plant, 
instead of a fleet with a distribution of plant cost and 
performance factors.   A distribution of plants could 
result in asymptotic limits to retrofit penetration as a 
function of CEA price, as observed in Figures 3, 7, 
and 8.  Secondly, the competing new plant levelized 
cost of electricity (COE) in Figure 11 represents a 
mix of underlying new plant technologies, suggesting 
sensitivities to such factors as gas prices, as observed 
in Figure 8. 
7.2. Fleetwide distribution of plant heat rates 
The distribution of heat rates in the NEMS plant 
data base offers a perspective on the potential market 
for retrofitting, repowering, and refurbishing.  As 
shown in Figure 12, about 125 GW of capacity 
occurs in plants with a heat rate below 10,000 
Btu/KWh, roughly consistent with the NEMS results 
in Figures 3 and 8.  These plants should be the most 
promising targets for retrofitting.  A plant with a 
higher heat rate could be made viable for retrofitting 
by first refurbishing to a lower heat rate, depending 
on other factors related to its cost structure (dispatch 
rate, operating costs, fuel costs, existing 3-P controls, 
etc.).  All else equal, if plants up to 10,500 Btu/KWh 
could be refurbished to 10,000 Btu/KWh for 
negligible incremental costs relative to the costs of 
retrofitting, then the market for retrofitting could be 
increased to about 230 GW.  The NEMS results in 
Figure 9 indicate a much lower potential than 
indicated in Figure 12, however, which suggests that 
plant factors other than just heat rate will be 
important in system-wide assessments. 
Hypothetical Effect of CEA Price on Retrofit Decision Options
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Figure 11.  COE (levelized cost of electricity), excludes costs for 
transportation, injection, MMV (measurement, monitoring, 
verification) , and net backs from CO2 sales or CCS incentives. 
Figure 12.  A heat rate limit of 10,000 – 10,500 Btu/KWh for 90 % 
CCS retrofitting implies a market of 125 – 230 GW, respectively.
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8. Conclusions
NEMS can be readily extended into a tool for integrated assessment of the options for existing coal fired power 
plants in climate change scenarios.  Simple coding extensions operating seamlessly in the background of a standard 
NEMS simulation offer a framework for consistently comparing options.  In 
exploratory studies using generic models for retrofitting, repowering, and refurbishing, a perspective was gained on 
potential markets and their dependency on such factors as the carbon emission allowance price, incentives under 
likely climate change legislation, and key uncertainties.  For some applications, particularly the assessment of 
refurbishing, it was apparent that some elaboration of the generic models would be desirable to take into account 
important plant specific factors.  Since NEMS incorporates a plant level data base with multiple attributes, such 
elaborations should be straightforward.  Aside from developing insights into management strategies for the fleet of 
existing power plants, other possible applications of the tool would be to assess technological progress and to 
provide a basis for scoping the requirements of infrastructure for CO2 sequestration. 
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